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Summary
Asymmetric distribution of cellular components un-
derlies many biological processes, and the localiza-
tion of mRNAs within domains of the cytoplasm is
one important mechanism of establishing and main-
taining cellular asymmetry. mRNA localization often
involves assembly of large ribonucleoproteins (RNPs)
in the cytoplasm. Using an RNA affinity chromatogra-
phy approach, we investigated localization RNP for-
mation on the vegetal localization element (VLE) of
the mRNA encoding Vg1, a Xenopus TGF- family
member. We identified 40LoVe, an hnRNP D family
protein, as a specific VLE binding protein from Xeno-
pus oocytes. Interaction of 40LoVe with the VLE
strictly correlates with the ability of the RNA to local-
ize, and antibodies against 40LoVe inhibit vegetal lo-
calization in vivo in oocytes. Our results associate an
hnRNP D protein with mRNA localization and have im-
plications for several functions mediated by this im-
portant protein family.
Introduction
Spatial segregation of cellular components is a wide-
spread critical early step in establishing and maintain-
ing cellular polarity (Nelson, 2003), and mRNA localiza-
tion is one such mechanism for doing so (Palacios and
St Johnston, 2001; Rand and Yisraeli, 2001). One ob-
servation that has aided the microscopic analysis of
this process in living cells is that localized mRNA often
forms large particles or granules (Ainger et al., 1993;
Ferrandon et al., 1994). Little is known about the bio-
chemical nature of these structures, but the fact that
their presence is closely associated with mRNA local-
ization suggests that the formation of large particles
is frequently part of the localization process. Although
some protein components have been identified, many
questions remain about how such large particles speci-
fically form on localized mRNA.*Correspondence: iain.mattaj@embl.de
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mRNAs are often located within the 3# UTR, and they
often form part of larger multifunctional RNA domains
(Ainger et al., 1997; Dalgleish et al., 2001). Although 3#
UTR mutation allows the separation of LEs from other
activities, this structural organization suggests that
activities such as localization and translational control
are coordinated. Indeed the UTRs of mRNA have been
postulated to form “ribonucleoprotein (RNP) domains”
that allow posttranscriptional regulation (Hilleren and
Parker, 1999). The average human 3# UTR is approxi-
mately 1000 nt, providing an enormous potential for
encoding regulatory elements (Mignone et al., 2002).
Understanding the formation of these large RNP struc-
tures therefore poses an important challenge.
The mRNA encoding a TGF-β homolog from Xenopus
laevis eggs, Vg1, was the first localized mRNA iden-
tified (Rebagliati et al., 1985; Weeks et al., 1985). Vg1
mRNA localizes by the so-called late pathway in mid- to
late-stage Xenopus oocytes (Kloc et al., 1996; Melton,
1987). In vitro-transcribed Vg1 mRNA injected into the
cytoplasm localizes correctly in a process that depends
on cytoskeletal components and involves Endoplasmic
Reticulum (ER) association (Alarcon and Elinson, 2001;
Deshler et al., 1997; Kloc and Etkin, 1998; Yisraeli and
Melton, 1988; Yisraeli et al., 1990). A 366 nt domain of
the 3# UTR, the Vg1LE, is sufficient to direct unlocalized
Xenopus β-globin (XβG) mRNA to the vegetal pole
(Mowry and Melton, 1992). Downstream of the Vg1LE
is a 250 nt translational control element (TCE) that re-
presses mRNA translation in cis (Otero et al., 2001; Wil-
helm et al., 2000). The Vg1LE itself does not affect
translation, but it contains a cytoplasmic cleavage-
polyadenylation site whose activity leads to removal of
the downstream TCE after localization has occurred
(Kolev and Huber, 2003). The removal of TCE, in turn,
activates local translation of Vg1. The Vg1 3# UTR is
therefore a good example for study of a complex RNP
domain.
Vg1LE function depends on multiple repeated se-
quence elements, and similar repeat motifs are impli-
cated in localization of a second Xenopus mRNA, VegT
(Bubunenko et al., 2002; Kwon et al., 2002). The so-
called E2 repeat elements are required for crosslinking
of Vg1RBP/Vera (Deshler et al., 1998; Kwon et al.,
2002), whose chicken homolog is involved in β-actin
mRNA localization in embryonic fibroblasts (Farina et
al., 2003; Ross et al., 1997). VM1 repeats are necessary
for crosslinking to VgRBP60, a Xenopus homolog of
hnRNP I/PTB that colocalizes with Vg1 mRNA at the
vegetal pole and is also present throughout the cyto-
plasm and nucleus (Cote et al., 1999; Kress et al., 2004).
Vg1RBP/Vera and VgRBP60 coimmunoprecipitate with
vegetally localized mRNAs (Kress et al., 2004). Two
other proteins, Prrp and VgRBP71, were isolated by
phage display by using Vg1LE as a probe, and both
bind to Vg1 mRNA in vitro as well as in oocytes (Kroll
et al., 2002; Zhao et al., 2001). Xenopus homologs to
mammalian Staufen1 and Staufen2 have also recently
been identified and implicated in the Vegetal localiza-
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n2004).
Our study of the Vg1LE RNP purified by affinity chro- t
Gmatography identified a member of the hnRNP D family
of proteins, 40LoVe, that binds specifically to two late b
aVLEs. Surprisingly, factors previously implicated in veg-
etal localization by UV crosslinking do not exhibit spe- 1
Vcific binding to VLEs by affinity chromatography. In vivo
studies of 40LoVe binding to wild-type and mutant l
gVLEs, as well as the localization of 40LoVe during oo-
genesis, implicate 40LoVe in vegetal mRNA localiza- c
ution. Consistent with this hypothesis, antibodies raised
against 40LoVe inhibit vegetal localization of coin-
tjected RNA.
t
aResults
V
tGRNA Chromatography Identifies a Previously
sUncharacterized VLE Binding Protein
tTo examine RNP formation on long RNAs, we devel-
3oped an affinity chromatography approach. The λ
qphage N antiterminator protein binds specifically to the
tBoxB sequence of the N utilization site of λ phage RNA
5through a 21 amino acid peptide (Baron-Benhamou et
tal., 2004; Lazinski et al., 1989). We fused this 21 amino
acid peptide sequence to glutathione S-transferase
(GST), and then fused two tandem copies of the BoxB 4
Pstem loop to either the Vg1LE, VegTLE, or as a negative
control, the XβG mRNA that does not localize (Mowry T
(and Melton, 1992). Through binding the GSTλ peptide
fusion protein to the LE-BoxB RNA in this way, we con- t
Xverted Glutathione Sepharose into an RNA affinity mat-
rix (GRNA resin, Figure 1A). g
AGRNA resins with the different localization element
RNAs were made and incubated in Xenopus ovary ex- s
1tract, followed by washing and elution of bound pro-
teins. Binding of the vast majority of proteins was de- D
Apendent on the BoxB sequence (Figure 1B, compare
lanes 3 and 6). Three proteins that eluted specifically c
Jfrom the Vg1LE as compared to XβG had estimated
molecular weights of 34 kDa, 39 kDa, and 40 kDa (Fig- c
pure 1B, compare lane 3 to lane 2). The 40 kDa protein
was also visible in the VegTLE eluate (Figure 1B, com- c
spare lane 1 to lane 2). All other proteins eluted in similar
amounts from Vg1LE, VegTLE, and XβG (Figure 1B, 2
4lanes 1–3). The RNA baits are also eluted and are visible
as high-molecular weight bands. (
In order to confirm that binding of these proteins was
specific, we repeated the purification of the Vg1LE in d
sthe presence of 10-fold excess competitor XβG RNA
lacking the BoxB sequences. Addition of the competi- g
itor RNA competed most of the BoxB-specific proteins
in the purification, with the exception of the 34 kDa, 39 n
2kDa, and 40 kDa proteins (Figure 1B, compare lanes 4
and 5). Mass spectrometric sequencing demonstrated b
tthat the 39 and 40 kDa bands derive from a single cDNA
encoding a protein we called 40kD, Localization, Vege- (
atal (40LoVe). Purification of these proteins was highly
reproducible, and the results of several purifications A
twere used to identify these proteins by mass spectrom-
etry (Shevchenko et al., 1997). f
1We obtained a full-length IMAGE cDNA, expressed
recombinant 40LoVe, and raised two polyclonal anti- sera. In Western blotting of ovary extracts, these recog-
ized the 39 kDa and 40 kDa species and revealed a
hird lower- abundance isoform (Figure 1C, lane X). The
RNA affinity eluates were also analyzed by Western
lotting and confirmed the identification of the 40 kDa
nd 39 kDa species (Figure 1C, lanes 3 and 5). Figure
C shows that 40LoVe binds specifically to both the
g1LE and the VegTLE as compared to XβG (Figure 1C,
anes 1–3), and that its interaction with Vg1LE is not
reatly reduced in the presence of a 10-fold excess of
ompetitor XβG RNA lacking the BoxB sequence (Fig-
re 1C, lanes 3 and 5).
In order to determine the ability of previously iden-
ified putative Vg1 mRNA localization factors to bind
o the VLEs in GRNA chromatography, we generated
ntibodies that specifically recognized Vg1RBP/Vera,
gRBP60, or Xenopus Staufen1 and 2 proteins. All of
hese factors bound to the VLE. However, there was no
ignificant difference in their ability to associate with
he Vg1LE or XβG RNA (Figure 1C, compare lanes 2 and
). 10-fold excess XβG RNA lacking the BoxB se-
uences equally competed the binding of all four pro-
eins to both XβG and Vg1LE (Figure 1C, lanes 4 and
), suggesting that their RNA binding is independent of
he presence of an LE.
0LoVe Is One of Three hnRNP D Family
roteins in Xenopus
he 40LoVe peptides identified by mass spectrometry
Figure 2A, peptides a, b, c, and d) and the cDNA iden-
ified by using them were highly similar to several
. laevis and tropicalis proteins that clustered into three
roups (Figure 2). The first group included 40LoVe and
BBP-1/AUF2 (Dean et al., 2002; Lau et al., 1997), the
econd group included AUF1/hnRNP D (Wagner et al.,
998), and the third group included JKTBP/hnRNP
-like proteins (Tsuchiya et al., 1998). The Xenopus
UF1/hnRNP D homolog was assembled from X. tropi-
alis EST sequences and was named X-AUF, while the
KTBP/hnRNP D-like homolog was a full-length IMAGE
lone termed X-JKTBP here. Alignment of these Xeno-
us proteins and relatives from mammalian species
onfirms that this protein family consists of three con-
erved members (Figure 2B). A recent analysis of
xRBD proteins confirms our assignment of the ABBP-1/
0LoVe protein group as a subfamily related to hnRNP D
Akindahunsi et al., 2005).
The family members demonstrate the same general
omain structure, an N-terminal region, a highly con-
erved core of two central RRMs (RRM1 and RRM2), a
lycine-rich domain, and a conserved region implicated
n nucleo-cytoplasmic transport and binding to the
uclear import receptor Transportin (Kawamura et al.,
002; Pollard et al., 1996). The glycine-rich domain can
e separated into two subdomains, an N-terminal por-
ion containing multiple arginine and lysine residues
RGG box), and a C-terminal half enriched in tyrosine
nd glycine residues (GY-rich). Isoforms of AUF1 and
BBP-1 can specifically lack the GY-rich subdomain
hrough alternative splicing, suggesting some modular
unction for this domain (Lau et al., 1997; Wagner et al.,
998). The region N terminal to the RRMs is not con-
erved.
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(A) Illustration of the use of the lambda phage N-protein/BoxB hairpin as an RNA affinity matrix via GSTλ fusion protein.
(B) An 8%–12% SDS-PAGE gradient gel analysis of total eluate from VegTLE RNA (lane 1), Xβ-Globin mRNA (lanes 2 and 4), or Vg1LE RNA
(lanes 3 and 5) GRNA affinity matrices. Lanes 4 and 5 contained 10-fold molar excess of XβG RNA lacking the BoxB hairpins as a competitor
for nonspecific RNA binding proteins. Lane 6 is a control demonstrating the requirement for the BoxB sequence for protein interaction. Lane
7 contains molecular weight markers with the sizes indicated to the right. Visible 40LoVe bands are marked with black arrowheads, an
unidentified 34 kDa band specific for the VLE is indicated with a green arrowhead, and the GSTλ bait protein is indicated.
(C) Western blots to assay for the presence of 40LoVe (top), Vg1RBP/Vera (second from top), VgRBP60 (third from top), or XStau2 (bottom)
as indicated. Conditions specific for XStau1 showed an identical result (Allison et al., 2004). Lane X contains 50 g input ovary extract.
Equivalent amounts of total eluate are loaded in the other lanes, and lane numbers are as in (B).40LoVe Crosslinks to the VLE and Does Not Affect
the Binding of VgRBP60 or Vg1RBP/Vera
Mutations in the VM1 motifs abolish VgRBP60 cross-
linking to the Vg1LE (Cote et al., 1999; Lewis et al.,
2004), and mutations in the E2 elements affect the
crosslinking of Vg1RBP/Vera (Deshler et al., 1997; Kwon
et al., 2002). Together with the GRNA chromatography
results, the data are most consistent with a model in
which, all three components must bind to the Vg1LE
to form a functional L-RNP. We asked if 40LoVe also
crosslinks to the VLE by immunoprecipitation subsequent
to the crosslinking reaction. To confirm the identity of the
40LoVe crosslink, we compared immunoprecipites of ex-
tracts depleted of 40LoVe- and mock-depleted extracts.
Xenopus ovary extracts were depleted such that less
than 10% of the endogenous 40LoVe remained (Figure
3A, compare lanes 3 and 5) and no detectable depletion
of VgRBP60 or Vg1RBP/Vera was observed (Figure 3A,
compare lanes 1–3). We detected a 40 kDa crosslink
that was not detected in depleted extract, and this cor-
responds to 40LoVe. (Figure 3B, compare lane 4 to lane
3). No crosslinked proteins were immunoprecipitated
with nonimmune IgG (Figure 3B, lanes 1 and 2). Mock-
depleted and 40LoVe-depleted extracts showed an
identical pattern of UV crosslinking to the Vg1LE, with
most of the crosslinks competed by wild-type VLE, butnot the XβG or the mu1,2 VLE that lack the VM1 motifs
(Figure 3C, compare lane 2 to lanes 1 and 3). Impor-
tantly, an abundant 40 kDa crosslink that has been ob-
served to crosslink to the 2x135 mutant substrate (Cote
et al., 1999) and can be outcompeted by the VLE, but
not XβG or mu1,2, is not 40LoVe, since it does not
change upon 40LoVe depletion (Figure 3C, compare
lanes 1–3 with lanes 4–6).
We next asked if the crosslinking of either VgRBP60
or Vg1RBP/Vera was dependent on the presence of
40LoVe. In the absence of 40LoVe, no visible change
in the VgRBP60 or Vg1RBP/Vera crosslinks could be
detected (Figure 3C, compare lanes 1–4 with lanes 3–
6; Figure 3B, compare lanes 5 and 6), demonstrating
that crosslinking of these proteins does not depend
on 40LoVe.
40LoVe Interaction with Vg1LE Correlates
with the Ability to Localize
We examined the ability of 40LoVe to incorporate into
L-RNP complexes in vivo by microinjecting 32P-labeled
VLE-containing RNA into Xenopus oocyte cytoplasm
followed by immunoprecipitation with affinity-purified
40LoVe antibodies. Analyzing RNA-protein interaction
in this way allowed us to assay whether or not muta-
tions in the Vg1LE that impair vegetal localization in
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(A) The sequences of ABBP-1/AUF2 (accession number Q99729), 40LoVe (accession number AAH43814), rat p42AUF (accession number
BAB03466), TropAUF (accession number AY640106), JKTBP (accession number AAH21374), and XJKTBP (accession number AAH45124) were
aligned by using ClustalW (EBI), and the output alignment was manually edited and colored by using JalView. Different peptides found by
mass spectrometry are indicated above the relevant sequence and labeled “a,” “b,” “c,” or “d.” The RRMs, RGG, GY-rich, and NLS regions
are underlined.
(B) The phylogenetic relationship between the sequences in (A) determined in ClustalW.oocytes alter interaction with 40LoVe. Several Vg1LE 
cmutations have been described that impair vegetal lo-
calization. Two separate 20 nt replacements within the t
cVg1LE (mu1,2, Figure 4E) are sufficient to abolish vege-
tal targeting (Havin et al., 1998). These mutations affect X
oall three copies of the VM1 motif that has been iden-
tified as the VgRBP60 UV crosslinking site (Cote et al., m
1999). Furthermore, deletion of five E2 motifs, which
cross-link to Vg1RBP/Vera, also abolishes vegetal lo- b
9calization (Deshler et al., 1997; Kwon et al., 2002). We
compared interaction of the wild-type Vg1LE, mu1,2, or 4E2 LE sequences fused to the XβG ORF together with
oinjected XβG and U6 RNAs as internal negative con-
rols. Corroborating the specificity observed in GRNA
hromatography, 40LoVe specifically precipitated the
βG-VLE, while essentially no XβG (Figures 4C and 4D)
r U6 RNA (data not shown) was coprecipitated. The
utations decreased the recovery of the mu1,2 and
E2 VLE fusions to levels barely detectable above
ackground (Figure 4C, compare lane 3 to lanes 6 and
). We monitored immunoprecipitation efficiency of
0LoVe by Western blotting, and we found that 80% of
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(A, B, and C) Total ovary extracts were immunodepleted of 40LoVe,
and the extent of depletion was monitored by Western blotting in
(A) and was better than 90%, since the signal from the depleted
extracts was less than that of 10% of the input extract. In (B), sub-
sequent to crosslinking, mock- or 40LoVe-depleted extract reac-
tions were subject to immunoprecipitation with nonimmune IgG,
40LoVe, or anti-Vg1RBP/Vera antibodies as indicated. Immune
complexes were then RNase treated and analyzed by SDS-PAGE
gel, dried, and autoradiographed. The position of Vg1RBP/Vera and
40LoVe crosslink bands is indicated.
(C) UV crosslinking to uniformly 32P-UTP-labeled Vg1LE was moni-
tored in the presence of 2 pmol XβG mRNA, WT Vg1LE, or mu1,2
Vg1LE in 40LoVe- or mock-depleted extracts as indicated. The
crosslinking reaction was analyzed on a 12% SDS-PAGE gel, dried,
and autoradiographed. The position of VgRBP60, which migrates
with similar size as two nonspecific crosslinking bands, and
Vg1RBP/Vera crosslinks are indicated.40LoVe was consistently immunoprecipitated indepen-
dent of the presence of VLE-containing RNA (Figure 4B,
lanes 1–3 and lanes 4–6). Vg1RBP/Vera, a mostly cyto-
plasmic protein, was not detectably codepleted with
40LoVe (Figure 4B).
The two mutations in mu1,2 and E2 are largely non-
overlapping, suggesting that 40LoVe makes several in-
dependent interactions with the VLE. The Vg1LE ismultifunctional and contains elements that direct cleav-
age and polyadenylation in addition to vegetal localiza-
tion (Kolev and Huber, 2003). To better correlate 40LoVe
association with vegetal localization, we used con-
structs containing the first 135 nucleotides of Vg1LE,
which, when duplicated, is capable of localizing XβG
mRNA to the vegetal pole (Gautreau et al., 1997). These
constructs lack the cleavage and polyadenylation se-
quences at the 3# end of the VLE and lack four out
of five E2 elements. Mutations in two 5# terminal VM1
elements are sufficient to abolish vegetal localization of
this substrate (Gautreau et al., 1997). As with the wild-
type Vg1LE, the 2x135 fusion was specifically coprecip-
itated with 40LoVe, and the point mutations in this ele-
ment greatly decreased recovery (Figure 4D, compare
lane 3 to lane 6). The correlation of the 40LoVe-VLE in-
teraction with the ability of these constructs to direct
vegetal localization strongly suggests that 40LoVe is a
specific component of L-RNP complexes that form on
Vg1LE.
40LoVe Colocalizes with Late Pathway mRNA
To analyze 40LoVe localization, we next performed im-
munofluorescence in different oocyte stages. As a
negative control, we used the same serum that was de-
pleted of 40LoVe antibodies by using immobilized
40LoVe. The 40LoVe-depleted serum (-40) did not rec-
ognize any oocyte proteins by Western blotting (data
not shown). In stage I oocytes, where Vg1mRNA is
found throughout the cytoplasm (Melton, 1987), 40LoVe
is found in both the nucleus and cytoplasm (compare
Figure 5A to Figure 5B). In the cytoplasm, the mito-
chondrial cloud, which is the site of early mRNA local-
ization (Forristall et al., 1995), appears to exclude
40LoVe as it does Vg1RBP/Vera (Chang et al., 2004).
In the cytoplasm of stage II/stage III oocytes, when
Vg1mRNA begins to accumulate at the vegetal cortex
and with ER, 40LoVe staining is no longer uniformly dis-
tributed throughout the cytoplasm and a prominent
vegetal crescent structure is intensely labeled (com-
pare Figures 5C and 5D). An identical structure can be
seen by using VgRBP60 (Kress et al., 2004) or XStau1
antibodies (Yoon and Mowry, 2004). Staining at the veg-
etal cortex remains throughout late oogenesis into
stage V and spreads to all cortical regions (compare
Figure 5E to Figures 5F–5H). Staining of a cytoplasmic
network between the cortex and the nucleus is also evi-
dent (Figures 5G and 5H). At the end of oogenesis in
stage VI, when injected Vg1 mRNAs no longer localize
to the vegetal cortex, no specific enrichment of 40LoVe
in any region of the cytoplasm was detected (data not
shown). The cytoplasmic pattern of 40LoVe staining
throughout oogenesis is consistent with the presence
of 40LoVe in late vegetally localizing RNPs.
Nucleoplasmic 40LoVe staining is observed at all oo-
cyte stages, with prominent enrichment in fibrous sub-
domains (Figures 3B, 3D, 3F, and 3H) that are likely to
be actively transcribing lampbrush chromosomes (Wu
et al., 1991). In stage VI, this staining pattern within nu-
clei is lost (data not shown).
To demonstrate that 40LoVe distributes with
Vg1mRNA in oocytes, we microinjected fluorescent
RNA into the cytoplasm of stage III oocytes (Figure 6B)
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Vegetally Localizing RNAs in Oocytes
(A) A diagram of the experimental procedure
used to assay VLE association with 40LoVe
in oocytes. A mixture of α32P-labeled 20 nM
U6 snRNA (not shown), 15 nM XβG mRNA,
and 15 nM XβG-Localization Element fusion
RNA (see [E] for descriptions) as indicated
were injected into cytoplasm of Xenopus oo-
cytes, and 2 hr after injection, extracts of the
oocyte cytoplasms were prepared and sub-
jected to immunoprecipitation (IP) with affin-
ity-purified 40LoVe antibodies.
(B) An aliquot of either input extract prior to
IP (I) or unbound extract subsequent to IP
(U) was analyzed by Western blotting to as-
say the depletion of 40LoVe (upper panel)
and Vg1RBP/Vera (lower panel). Equivalent
amounts of either input or unbound fraction
were analyzed and are 2.5% of the input vol-
ume (1×). To approximate the extent of
40LoVe depletion, 0.5% of the input fraction
was also analyzed (0.2×).
(C and D) Input RNA present prior to IP (I),
unbound RNA subsequent to IP (U), and
RNA bound to immune complexes (B) were
analyzed by autoradiography after extraction
and separation on a 6% denaturing TBE gel.
6.6% of total input (I) and unbound (U) RNA
are present in the indicated lanes, while
33.3% of total bound RNA (B) is present
where indicated.
(E) Illustration of the Vg1LE fusion constructs
utilized in (C) and (D). The locations of linker
scanning replacement mutations 1 and 2
within the Vg1LE are indicated in mu1,2 as
darkened boxes, while the locations of the
E2 elements deleted in E2 are indicated by
black stripes. The 1-135 subelement that is
duplicated in 2x135 is indicated in gray. The
relative location of the triple point mutations
is indicated as darkened boxes. A summary
of the localization activity of these con-
structs (Gautreau et al., 1997; Havin et al.,
1998; Kwon et al., 2002) is provided to the
right.and then performed immunofluorescence with 40LoVe l
timmune serum (Figure 6A). Microinjected XβG-Vg1LE
vRNA accumulates in the vegetal cortex in a manner
lidentical to endogenous Vg1 mRNA (Betley et al., 2004;
nYoon and Mowry, 2004). 40LoVe immunostaining is evi-
cdent at the vegetal cortex, as shown in Figure 5, and
(colocalizes with XβG-Vg1LE at this site (Figures 6C and
b6D). Colocalization of 40LoVe with VLE RNA in more
ainternal vegetal structures is also evident. These are
tlikely to be ER (Deshler et al., 1997), leading to the net-
lwork-like appearance of staining in this region. We also
iobserved a perinuclear population of XβG-Vg1LE RNA
Rin a region that is relatively depleted of 40LoVe staining,
4whose significance is currently unclear.
r
u
Antibodies against 40LoVe Inhibit i
Vegetal Localization t
To demonstrate the involvement of 40LoVe in vegetal s
localization, we assayed the effect of affinity-purified t
40LoVe antibodies on localization of a coinjected fluo- t
irescent mRNA. It is not trivial to quantify the degree ofocalization. To do so, we set the microscope gain such
hat the most intense pixels in each image had an equal
alue (and were not saturated). In oocytes with poor
ocalization, this renders the general nonlocalized sig-
al easily visible, whereas in oocytes with efficient lo-
alization, the nonlocalized signal is almost invisible
Figure 7B). The extent of localization can be quantified,
y using Image J (see the Experimental Procedures),
nd expressed as a ratio of average pixel intensity in
he region of the vegetal cortex where RNA is visibly
ocalized divided by the average pixel intensity in an
dentically sized region of the animal cytoplasm. Vg1LE
NA exhibits a Vg:An ratio of 3.1 at 24 hr and a ratio of
at 48 hr (Figure 7A). Coinjection of 40LoVe antibodies
educed this ratio to 1.85 at 24 hr, and 2.3 at 48 hr (Fig-
res 7A and 7B). Nonimmune IgG did not inhibit local-
zation (Figures 7A and 7B). Similar results were ob-
ained in three independent experiments (data not
hown), and analysis with Student’s t test confirmed
he significance of the inhibitory effect and confirmed
hat 40LoVe participates in the process of vegetal local-
zation.
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out Oogenesis
Whole-mount immunofluorescence of stage
I (150 m diameter, [A] and [B]), stage II–III
(450 m, [C] and [D]), or stage V (1000 m,
[E] and [F]) oocytes incubated with anti-
40LoVe immune serum (α-40, [B], [D], and
[F]) or the same antiserum depleted of
40LoVe antibodies (-40, [A], [C], and [E]).
Oocytes of different stages are not shown to
scale. The mitochondrial cloud is labeled
with an arrowhead in (B), and in (C)–(F), the
vegetal cytoplasm is indicated with a “V.” (G)
and (H) are zoomed-in views of the vegetal
and animal regions of the stage V oocyte,
respectively.Discussion
We developed an affinity chromatography technique to
study RNP complex formation and identified 40LoVe as
a necessary component of the Vg1LE RNP from Xeno-
pus. 40LoVe bound specifically to two different late lo-
calization elements in the context of long RNAs.
40LoVe interaction strictly correlated with the ability of
a VLE to localize to the vegetal pole, and 40LoVe was
found enriched in the vegetal cortex, colocalizing with
Vg1mRNA. 40LoVe antibodies inhibited VLE localiza-
tion in vivo. Although other putative vegetal localization
factors bound to the Vg1LE (Vg1RBP/Vera, VgRBP60,
and XStau1 and 2), equivalent amounts of these pro-
teins were associated with XβG, a nonlocalizing control
RNA. For Vg1RBP/Vera and VgRBP60, this was surpris-
ing since these proteins UV crosslink specifically to the
Vg1 and VegT LEs (Claussen and Pieler, 2004; Cote et
al., 1999; Deshler et al., 1997; Elisha et al., 1995; Havin
et al., 1998; Kwon et al., 2002). It is important to empha-
size that the conditions used in our binding experi-
ments are not significantly different from those used in
UV crosslinking studies, and that we can reproduce
prior crosslinking data in these extracts (Figure 3).
Thus, for these proteins, the ability to specifically cros-
slink to an RNA does not strictly correlate with their
ability to associate with the RNA. This behavior has
previously been observed for Vg1RBP/Vera (Git and
Standart, 2002). Our results suggest that GRNA affinitychromatography may prove widely useful in purifying
complex RNPs and identifying novel components.
The formation of endogenous L-RNPs is associated
with the nucleus (Kress et al., 2004). Similar to other
VLE binding proteins, 40LoVe is present in the nucleus,
where it is localized to actively transcribing chromo-
somes (Figure 5). 40LoVe also specifically interacts with
VLE-containing mRNA after nuclear injection (data not
shown). Thus, endogenous 40LoVe-containing L-RNP
complexes may form cotranscriptionally. Interaction
with the VLE in this compartment is not, however, a
requirement for L-RNP complex formation, since cyto-
plasmically injected VLE-containing RNAs localize cor-
rectly (Yisraeli and Melton, 1988).
Our data all support a role for 40LoVe in the late local-
ization pathway. 40LoVe is first found concentrated at
the vegetal cortex coincident with the timing of late
vegetal localization before later accumulating at other
cortical regions, including cortical regions of the animal
pole cytoplasm. Many animal-localized mRNAs exist
(Rand and Yisraeli, 2001), but no studies on mecha-
nisms of animal pole mRNA localization have been re-
ported. Nonetheless, it is possible that the timing of
40LoVe enrichment in animal pole cortex may coincide
with the onset of localization reported for mRNAs that
accumulate at the animal pole cortex (Schroeder and
Yost, 1996; Zhang et al., 1999). Prrp, another VLE bind-
ing protein, can specifically interact with the animal-
localized An1 mRNA (Zhao et al., 2001), raising the
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512Figure 6. 40LoVe Colocalizes with VLE-Containing RNA
Alexa 546-labeled RNA was injected into the cytoplasm of stage III
oocytes, and then, subsequent to localization, the oocytes were
fixed and then processed for immunofluorescence by using 40LoVe
anti-serum. (A) shows the immunostaining pattern of 40LoVe, (B)
shows the distribution of the Alexa 546-labeled RNA, and (C) super-
imposes (A) and (B). (D) is a superimposed image of a zoomed in
region of the vegetal cytoplasm from the same oocyte.Figure 7. Anti-40LoVe Antibodies Inhibit Localization
Alexa 546-labeled mRNA was injected to stage III oocytes (RNA
only) or coinjected with 15 mg/ml nonimmune IgG (IgG) or anti-
40LoVe (α-40) antibodies. RNA localization was quantified at 24
and 48 hr, and the average Vg:An ratio was plotted in (A). Error bars
represent 25% variation in the Vg:An ratio observed in all samples.
Representative oocytes used for quantification are shown in (B).possibility of mechanistic overlap between animal and
vegetal localization pathways.
We do not know what role 40LoVe plays within the
localization complex, but in comparison to VgRBP60,
Vg1RBP/Vera, XStau1, and XStau2, its specificity for
long VLE-containing RNAs is notable. 40LoVe interac-
tion with the VLE requires the same sequences as
VgRBP60 and Vg1RBP/Vera crosslinking. Since the ab-
sence of 40LoVe does not affect the crosslinking of
these factors, 40LoVe recruitment to the VLE may be
mediated by their prior binding to their sites of cross-
linking. Binding of 40LoVe to the VLE could be medi- m
iated through direct interaction with either VgRBP60 or
Vg1RBP/Vera, but since these two proteins associate i
iequally with XβG while 40LoVe does not, we consider
this unlikely. One model for L-RNP formation is that co- k
poperative interactions involving 40LoVe, VgRBP60, and
Vg1RBP/Vera stabilize 40LoVe binding to a local RNA B
Rsequence that is not sufficient for stable 40LoVe bind-
ing on its own. Alternatively, binding of VgRBP60 and F
cVg1RBP/Vera may be required for structural rearrange-
ments necessary to expose or create 40LoVe binding s
Vsites.
Three L-RNP components are conserved between 2
wchickens and Xenopus. Vg1RBP/Vera, VgRBP71, and
40LoVe are homologs to ZBP1, ZBP2, and ssDBF that d
fbind to the β-actin Zip code, and at least in the case
of ZBP1 and ZBP2, participate in localization of the t
β-actin mRNA to lamellipodia in chicken embryo fibro-
blasts (Farina et al., 2003; Gu et al., 2002; Ross et al., m
p1997). Three common factors associating with these
RNA localization elements suggest conservation of a sultiple-component localization RNP. Several studies
ndicate that A+U-rich element (ARE)-containing mRNA
nteracts with this machinery as well. AREs are cis-act-
ng sequence elements in the 3# UTRs of many cyto-
ine, growth factor, and proto-oncogene 3# UTRs that
articipate in regulated mRNA stability (Guhaniyogi and
rewer, 2001). AUF2/ABBP-1 is found in some ARE-
NP complexes (Dean et al., 2002; Zhang et al., 1993).
urther support for a connection between the mRNA lo-
alization machinery and AREs comes from a two-hybrid
creen with AUF1 in which IMP2, a human ortholog of
g1RBP/Vera and ZBP1, was isolated (Moraes et al.,
003). In addition, the VgRBP71/ZBP2 homolog KSRP
as also implicated in ARE binding and instability me-
iated by the exosome (Chen et al., 2001). These three
actors suggest a connection between mRNA localiza-
ion and regulated mRNA stability mediated by AREs.
The mRNA localization machinery is implicated in
RNA-cytoskeleton interactions (Kloc et al., 2002; Lo-
ez de Heredia and Jansen, 2004; Stebbings, 2001),
uggesting the possible participation of these interac-
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513tions in control of mRNA stability. Several observations
are consistent with this view. AUF1 is phosphorylated
upon monocyte adherence, concomitant with effects
on ARE activity (Sirenko et al., 1997; Wilson et al.,
2003). Under adherence conditions, stabilized ARE-
containing IL-1β mRNA fractionates with an insoluble
cellular fraction (Sirenko et al., 2002) similar to that with
which vegetally localized mRNA associates (Bubu-
nenko and King, 2001; Pondel and King, 1988). More-
over c-myc and c-fos ARE-containing mRNAs demon-
strate a cytoskeleton-dependent perinuclear localization
(Dalgleish et al., 2001; Veyrune et al., 1996). The poten-
tial connection between AREs and the cytoskeleton is a
very interesting possibility that deserves further study.
Given that several factors involved in vegetal localiza-
tion can be linked to mRNA degradation, it will be im-
portant to examine in more detail the contribution of
local stabilization, combined with degradation of unlo-
calized mRNAs to the late vegetal localization pathway.
Such a mechanism has been proposed to contribute to
the localization of Drosophila hsp83 mRNA in embryo-
genesis and may be conserved in Xenopus (Bashirullah
et al., 2001).
Experimental Procedures
GRNA Affinity Chromatography from Oocyte Extracts
GRNA Buffer is 50 mM Tris (pH 7.5), 50 mM NaCl, 1.5 mM MgSO4,
1 g/ml Heparin, 2 mM DTT, 0.05% NP40, 0.1 mg/ml tRNA, and
10% glycerol (v/v). 50 l 1:1 glutathione sepharose resin in buffer
was added to 200 l buffer, with 26 g GλH protein and 100 pmol
of the indicated RNA and was incubated at 4°C with shaking for 1
hr. The beads were collected by centrifugation (always for 1 min at
3000 rpm in the microcentrifuge), the supernatant was removed,
900 l buffer and 100 l precleared ovary extract (see extract prep-
aration) was added (competitor XβG RNA was added at this step
where applicable), and the mixture was incubated for 45 min with
shaking at 15°C. Beads were collected and washed end over end
five times for 2.5 min with 1 ml buffer. After washing, the superna-
tant was removed, and total material was eluted by three 20 l
elutions with 0.1% SDS, 2.5 mM Tris (pH 6.8), and 5 mM DTT and
analyzed by SDS-PAGE. A detailed description of preparation of
materials for GRNA chromatography is provided as Supplemental
Data (available with this article online).
Oocyte Injection and RNA Coimmunoprecipitation
Ovary from an adult Xenopus laevis was treated with Liberase
Blendzyme 3 (Roche) at 100 g/ml in OR2 buffer at 19°C until most
of the oocytes were freed from the surrounding tissue (2.5–3 hr).
Oocytes were maintained and injected at 19°C in OR2. For immu-
noprecipitation after RNA injection, stage IV oocytes were selected,
and 7mGpppG-capped, radiolabeled RNAs were synthesized to
high specific activity by incorporating α-P32 GTP in the transcrip-
tion reaction; in addition α-P32-UTP was added for uncapped U6
RNA synthesis. RNA injection mixtures contained 21 nM U6 RNA,
15 nM XβG RNA, 10 nM XβG-VLE fusion RNAs, and 3 mg/ml Blue
Dextran. 25–30 nl of this mixture was injected into oocyte cyto-
plasms as indicated such that 20 injected oocytes could be pro-
cessed. After 2 hr, the oocytes were dissected in J-Buffer (70 mM
NH4Cl, 7 mM MgCl2, 0.1 mM EDTA, 10 mM HEPES [pH 7.6], and
8.7% [v/v] glycerol) and scored for proper injection, and the in-
jected compartments were placed immediately in 500 l ice-cold
Barth’s IP buffer (BIP, Barth’s, 0.1 mM EGTA, 0.1 mM DTT, 0.05%
NP40, 1 mM PMSF, 0.1 mg/ml tRNA, 10% glycerol [v/v]). All subse-
quent steps were performed at 4°C. Oocyte fractions were homog-
enized several times by pipetting and then passed four times
through a 27G needle to ensure complete homogenization. BIP was
added to 1.1 ml final volume. The lysate was centrifuged twice for
5 min at the maximum microcentrifuge speed, and 750 l of thesecond supernatant was taken for IP, while 200 l was processed
for RNA analysis (input) and 25 l was analyzed by Western blot
for 40LoVe.
To immunoprecipitate 40LoVe, 10 g 40LoVe antibody was
added to the 750 l extract, along with 20 U Superasin (Ambion),
40 l 1:1 protein A sepharose equilibrated in BIP and 2 U DNase I
(only to nuclear extracts). After 1.5 hr of end-over-end incubation,
the beads were collected, 200 l of the unbound supernatant was
removed for unbound RNA analysis, and 25 l supernatant was
removed for Western blotting. The rest of the supernatant was re-
moved, and the beads were washed two times for 5 min end over
end in BIP containing 0.1 mg/ml Heparin. RNA was eluted from the
beads in 400 l protease K digestion buffer at 50°C (50 mM Tris
[pH 7.4], 5 mM EDTA, 1.5% SDS, 300 mM NaCl, 1.5 mg/ml Protein-
ase K), followed by phenol:chloroform extraction and precipitation.
Precipitated RNA was resuspended in formamide RNA loading
buffer and was analyzed as described in the figure legends.
RNA Localization Assay
5 l Alexa 546-labeled RNA (Yoon and Mowry, 2004) was combined
with 0.5 l each of 10 mg/ml E. coli tRNA and 10 mg/ml heparin,
then lyophilized to dryness. Anti-40LoVe antibodies or nonimmune
IgG were dialyzed to PBS and concentrated to 15 mg/ml by using
centricon concentrators. 0.5 l of 100 mM Ribonucleoside Vanadyl
Complexes (NEB) was added to 5 l of antibody, and this was used
to resuspend the dried RNA mixture. This mixture was centrifuged
for 3 min and then used for microinjection. 7–10 nl was injected
into the cytoplasm of stage III oocytes and oocytes incubated for
24 or 48 hr in oocyte culture medium containing vitellogenin. Oo-
cytes were fixed as for immunofluorescence (see Supplemental
Data), but instead of rehydration, oocytes in methanol were
mounted and visualized. An optical section transecting the vegetal
pole was taken from each oocyte to quantify localization, and only
one optical section per oocyte was used. The IMAGE J program
was used for quantification as follows: with the segmented line
function (takes average pixel intensity along the line), a line was
drawn along the localized mRNA at the vegetal cortex (Vg value);
then, from the same image, a line of similar length along the animal
cytoplasm (An value) was drawn. The Vg:An ratio is a measure of
the extent of localization, and the ratios from at least eight oocytes
per time point were averaged to derive the values reported.
Supplemental Data
Supplemental Data including detailed descriptions of many of
the experimental procedures that, because of their length, could
not be included in the main text are available at http://www.
developmentalcell.com/cgi/content/full/8/4/505/DC1/.
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